Abstract Increasing attention is being given to climate technologies on the international climate change agenda, not least in the agricultural sector and water sectors, and to technologies for adaptation. However investments in technology-based adaptation (seeds, dams, irrigation, etc.) are complicated by the fact that it remains difficult to predict future climate change impacts, especially on a local scale. In addition, evidence for the costs and benefits of implementing adaptation technologies is relatively limited. The analysis presented in this paper shows that there is a large potential for integrating adaptation technologies into the planning and implementation of on-going and future projects. Based on local-level data from a technology needs assessment project in Lebanon, this paper presents two examples of the economic feasibility of implementing adaptation technologies in the agricultural and water sectors. The results show that the technologies can be applied at low cost and with relatively little effort.
Introduction
During recent years increasing attention has been given to technologies for adaptation on the international climate change agenda, not least in the agricultural and water sectors. Discussions of technologies have previously been focused mainly on mitigation, but following COP 13 in 2007, emphasis on the financing of technology transfer was stepped up, and increased opportunities to scale up work on technologies for adaptation followed (UNFCCC 2010) .
This increasing focus on technologies is likely to affect the way adaptation activities are planned, financed and implemented at both the international and local levels. Nevertheless, in adaptation studies, the focus has implicitly been on what can be defined as adaptation technologies. For example, in a number of adaptation cost studies (see e.g. Traerup et al. 2011; Halsnaes and Traerup 2009 ) the economic estimates are based on technologies such as national estimates are provided, costs of the adaptation measures are often scaled to national levels using global models. This approach was taken in a study on the economic impacts of climate change in East Africa (Watkiss et al. 2011) . The majority of aggregated estimates based on national databases and global models can be traced to the limited number of previous efforts and difficulties in getting proper data at more disaggregated levels. In addition to the estimates being largely aggregated, the majority of existing studies have focused on the adaptation costs as a percentage of GDP. However, as Stage (2010) points out, most agricultural production in developing countries takes place in the informal sector, meaning that it is not represented in GDP figures.
Traditionally, adaptation has been viewed as a matter for national governments (IPCC 2007) , which are responsible for flood preparedness, irrigation schemes, research and development of improved seeds, dams and water availability. In an ideal world, individuals and communities would act autonomously without government planning or intervention, though taking account of social, political, cultural and market institutions. Nevertheless, Fankhauser et al. (1999) conclude that often this is not the case. Continuous constraints such as inadequate information and resources ensure that governments remain in lead positions, when it comes to taking adaptation initiatives. In order to move towards more autonomous adaptation, governments will have to improve conditions for individual households and communities in terms of institutional and socio-economic environments. This is in line with general economic theory stating that government involvement is necessary, whenever the market is not working well, given the existence of information irregularity, negative externalities and public goods. This is evident, for example, in drought situations, where farmers intensify irrigation and subsequently overexploit existing water reservoirs, and consequently incur a negative externality in terms of depletion costs. To avoid imperfect information for farmers and to empower them to make the right choices, more local level case studies including the benefits and costs of implementing adaptation technologies, are required.
The present paper provides a discussion of the concept of technologies for adaptation and a framework for evaluating the costs and benefits of these technologies at the local level. In addition, two examples of technologies that have been implemented in the agricultural and water sectors in Lebanon, including the benefits and costs, are presented. The results contribute to the knowledge base on benefits and costs for both planning and funding technologies in the context of adaptation to climate change, in addition to prioritizing between various adaptation technology investments at the local level.
The paper is organized as follows. Section 2 presents the local context of the research area. This includes an introduction to current climate conditions and future changes in Lebanon. Section 3 introduces the applied data and methodology, while Section 4 analyses and discusses the results. Finally, Section 5 concludes.
Local context
Lebanon is located on the eastern coast of the Mediterranean Sea between latitudes 34°41′ N and 33°02′ N, covering an area of 10,452 km 2 . The resident population is estimated at having been 4.1 million in mid-2007 mid- (UN 2012 . The annual population growth rate is estimated at 1.2 % for the period 2001-2007 and the rural population accounts for 13 % of the population. Agriculture contributes with 6.1 % of GDP, whereof crop production is estimated to account for about 72 % of the total value of agricultural production (MoA 2008). The total agriculture area is approximately 248,000 ha, out of which 42 % are irrigated. Irrigated crops include mostly fruit and vegetable crops.
Current climate conditions and future changes
Climate in the eastern Mediterranean is characterized by mild rainy winters from the westward moving wind activity and long, hot, dry summers. Lebanon's climate is further shaped by its unique topography of a coastal strip, the Lebanon and Anti-Lebanon mountain ranges, and the inland Beqaa plateau. Thus the coastal area and the western part of the Lebanon mountain range exhibit maritime characteristics, while the climate in the eastern part is more continental. Precipitation on the coastal range reaches a maximum of 1,400 mm/year, including snowfall. Inland, precipitations can be as low as 150 mm in the northern part of Beqaa (MoE 2011). The average winter temperature is 13°C on the coast, diminishing with altitude. In summer, the average temperature is 29°C. Daily and seasonal variations and extremes are recorded in the mountains and the Beqaa.
Lebanon's Second National Communication (SNC) drew up climate change scenarios with vulnerability assessments (MoE 2011). Future climate scenarios predict that heat stress will intensify, while winter precipitation will diminish due to the northward shift of the mid-latitude storm track. In addition to changes in the mean climate, changes in extremes are also likely to occur. By 2040 temperatures will increase by around 1°C on the coast to 2°C in the interior, and by 2090 they will be 3.5°C to 5°C higher than the present temperature averages (MoE 2011) . Rainfall is also projected to decrease by 10-20 % by 2040 and by 25-45 % by the 2090, compared to the present. Temperature and precipitation extremes will also intensify. Over the whole country, periods of drought will become 9 days longer by 2040 and 18 days longer by 2090.
Climate change impacts on the agricultural and water sectors in Lebanon
Currently, 60 % of the available water is used in the agriculture sector (MoA 2008) . Irrigated crops will face water shortages due to increased water demand and decreased water availability for irrigation. Rain-fed crops will show either no change or a decrease in their surface area or productivity. However, increases in temperature will lead to a potential expansion of the coastal plantations of crops such as bananas and tomatoes to higher altitudes.
Chilling requirements for mountainous fruit trees such as cherries and apples will not be met in some parts of the country, leading to a risk of failure of blossom pollination and fecundation by up to 50 % (MoE 2011). Changes in climate will also lead to increased infestation of pests and fungi and bacterial diseases for most crops, as well as new types of bacteria, requiring new types of treatment, which would result in additional efforts for pest control and treatment. Irrigated crops will face water shortages due to increased demands for water and decreased water availability for irrigation, which will negatively affect yields.
Data and methodology
The examples presented in this paper are based on data from the Technology Needs Assessment (TNA) project, running from 2010 to 2013. The project has provided targeted financial, technical and methodological support to assist countries from Africa, the Middle East, Asia, Latin America, the Caribbean and Eastern Europe, in conducting technology needs assessments. The project is a country-driven activity aimed at assisting developing countries, in identifying and prioritizing technology needs for mitigating and adapting to climate change (see www.tech-action.org). The TNA project in Lebanon embedded the identification of the most relevant adaptation technologies for the agriculture and water sectors.
Due to limitations of data, the analyses in this paper should be viewed as indicative rather than resolute. In practice, it has been possible to include a somehow limited number of indicators of the direct costs and benefits of implementing the selected technologies. The limitations of these economic parameters will be highlighted in relation to the different technology examples, namely conservation agriculture and rainwater harvesting from greenhouse roof tops. In addition uncertainties about future climate change remains, as in other analyses of climate change.
The agricultural and water sectors and the identified adaptation technologies are in practice highly interrelated as agriculture is by far the largest consumer of fresh water in most developing countries. For example, a large proportion of water technologies are fully or partly focused directly on the agricultural sector (e.g. building dams to capture surface run off and store it for the dry season so it can be used to irrigate crops and eventually to provide a drinking water reserve for domestic consumption and livestock). The additional water supply facilitated by a 'hardware' water technology may therefore feed directly into (and be practically co-implemented with) 'software' agricultural technologies such as water user associations, introducing more drought-resistant cropping systems, etc.
Evaluation of benefits and costs
In order to estimate the benefits and costs of the technologies, several scenarios were developed taking climate change into account, with and without the adaptation technology in place. By comparing these scenarios, it was possible to isolate the adaptation costs and benefits arising from implementing the adaptation technologies.
A baseline scenario was established as a "business-as-usual" scenario, which did not include the adaptation technology. The second scenario is similar to the baseline scenario, but also includes the adaptation technology. The differences between the two scenarios, such as required capital costs, crop yields, and water availability formed the basis for estimating the benefits and costs of the adaptation technologies. Because of uncertainty in climate change projections, technologies are designed to meet higher requirements than posed by actual climate change. In this way some technologies may turn out inefficient, if their potential is not fully used. If a technology is not designed to meet the necessary requirements to reduce climate change impacts, it will be ineffective and lead to unnecessary damages and loses.
In order to compare the benefits of adaptation technologies with their costs of implementation, a cost-benefit analysis was carried out for each technology. In the calculations, gross benefits were estimated from the reduced damage costs attributed to the adaptation technology compared to the situation without the adaptation technology in place. Marginal benefits were then calculated as the sum of gross benefits across a defined period of time accounting eventually the shelf-life of major equipments if they do exist and the period for breaking down the investment/investment costs. Also, because costs and benefits accumulate over time, to render current and future effects comparable, the calculations are presented as capitalized values in the form of Net Present Value (NPV) using a discount rate of 6 %. Discount rates typically range from 0 to 10 %. Using a high discount rate will make future costs of the technology negligible, and hence make investments more attractive in comparison to an assessment using low discount rates. Also, a high discount rate implies that future economic benefits from reduced damage/costs have a lower weight.
Results

Conservation agriculture
Conservation agriculture has recently been introduced to Lebanon by national research and development institutes. The technology has moved from its trial phase to dissemination to farmers. The main target groups are olive and fruit-tree growers, as well as some rain-fed cereal growers.
Potential adaptation technologies to reduce the negative impacts on crop productivity from increased evapo-transpiration were identified during the recent technology needs assessment in Lebanon. They include conservation agriculture, risk-coping production systems, integrated pest management, and the selection of adapted varieties and rootstocks (MoE 2012). If such adaptation measures are integrated into the planning process of the agricultural season, the negative climate change impacts on crop yields during the growing season can be alleviated.
Conservation agriculture includes no-till and crop-rotation practices, as well as the conservation of crop residues and the plantation of a green cover in orchards. For annual crops, an adapted seeding machine is necessary for sowing grains directly into the soil. Besides adaptation benefits from lowered evapo-transpiration, the adoption of conservation agriculture will have a positive impact on the reduction of energy for ploughing and consequently reduce the cost of production and GHG emissions (FAO 2007 , CGIAR 2010 . This is very important for rain-fed crops where ploughing constitutes a major part of the production cost. In Lebanon, rainfed crops include cereals, legumes, almonds and olive tree. Moreover, conservation agriculture is applicable to irrigated fruit orchards, where the planting of vetch and clover as green cover is a substitute for ploughing. Mowing these legumes before they blossom and keeping their residues in the field are also a means to reduce the application of nitrogen fertilizers. Lastly, conservation agricultural practices will not only reduce the cost of production but also improve yields.
A number of conservation agriculture demonstration plots have been implemented by the Lebanese Agriculture Research Institute and its partners (the American University of Beirut, GIZ, International Centre for Agricultural Research in the Dry Areas, and Arab Centre for the Studies of Arid Zones and Dry Lands) targeting technicians and farmers (mainly fruit, olive and cereal growers) as a means of promoting the up-scaling of the use of this technology and increasing the acceptance of conservation agriculture by farmers.
The following sections present an analysis of integrating conservation agriculture as an adaptation technology in the agricultural production of three major crops grown in Lebanon, namely wheat, olive and fruit trees.
Assumptions
In conventional farming systems in Lebanon, cereal growers rent out their land post-harvest for grazing. In conservation agriculture, crop residues are retained in order to conserve soil fertility and moisture. In the analysis in this paper, it is assumed that the added value of agricultural residues lent to herders (50 USD/ha) in conventional agriculture (cereals) is counterbalanced by the costs saved on fertilizers. Also, the cost of renting a seeding machine (for grain crops) is similar to the cost of machinery normally used in conventional agriculture, thus not imposing any additional cost.
In conservation agriculture, no-till enables savings of USD 350/ha (machinery, energy and the labour costs of ploughing) for cereals, legumes and irrigated fruit trees, and USD 650/ha for olive trees (2 ploughings/year). Moreover, in conservation agriculture, weed control is achieved through the establishment of a permanent green cover. For example, the cost of establishing a vetch or clover green cover is USD 100/ha, as an initial cost. Fertilizers application is reduced in conservation agriculture when compared to conventional agriculture. Tillage implies frequent use of fertilizers and organic matter due to rapid soil mineralisation, whereas in conservation agriculture, the establishment of vetch or clover green cover reduces drastically the dependency on fertilizers. These legumes rely on nitrogen fixed from atmosphere. Consequently, in olive and fruit orchards fertilization application savings per year and per hectare reach USD 200 and USD 300 respectively. In addition, water conservation implies 5 % reduction in irrigation costs in irrigated fruit orchards, or USD 50/year/ha. Additional costs and benefits of conservation agriculture when compared to conventional for the three selected crops (rainfed olive, wheat and irrigated apple orchards) are detailed in Table 1 .
Yields in conservation agriculture are stable for all crops in general if they are not increased in a ten-year period. Conversely, in conventional agriculture annual variability is high. The following assumptions are, for conventional agriculture, based on climate scenarios and elaborated impact assessments presented in Lebanon's Second National Communication (MoE 2011), while yields from olive and fruit orchards are estimates based on data collected by the authors from different farmers across the country:
-Yields decline annually by 1 % for wheat under conventional agriculture due to reduced soil fertility and decreased precipitation under future climate scenarios. The baseline production of 4 t/ha, with an average net revenue of 400 USD/t will drop after 20 years to 3.3 t/ha. -Yields are fluctuating for olive, which has a biennial bearing habit (i.e. 50 % less yield in non-productive years). However in conservation agriculture this fluctuation is not significant. It is assumed that production becomes constant starting the third year after conversion to conservation agriculture. Baseline production is 400 l of olive oil/ha, with a price of 5 USD/l. -Irrigated apple orchards show no significant difference in yield between both types of production system. In conservation agriculture of apples, yields are assumed to 25 t/ha, with net revenue of 1,000 USD/t. Sensitivity analyses were conducted for the three crops, considering a "low" and a "high" scenario for each of the crops with the following assumptions: For olives, the first scenario has a production varying between 320 l/ha and 400 l/ha (low and high yielding years respectively for conventional, and 200 l/ha for conservation agriculture after the third year) with an oil price of 5usd/l, whereas in the second scenario, production varies between 200 l/ha and 600 l/ha for conventional, and 600 l/ha for conservation agriculture starting the third year. The price is reduced to 4 USD/l.
For wheat, the first scenario has a wheat production of 4 t/ha for conventional, with 1 % annual decrease, and constant for CA (4 t/ha). In the second scenario, which is for drought years, the production is 2.t/ha for conventional agriculture, again with 1 % annual decrease, but 2.5 t for conservation agriculture assuming that better soil moisture is conserved, allowing a better yield. Price is unchanged, as wheat is subsidized by the government with a fixed price.
For apple, the first scenario, yield and price are constant (25 t/ha and 800usd/t) for both types of agriculture, in the second scenario, it is assumed that under conventional agriculture, alternating production is observed due to root damage by tillage. Production varies between 25 and 20 t/ha, whereas it remains constant at 25 t/ha under conservation agriculture. The price is unchanged.
Results
The results show that conservation agriculture is beneficial for all three crops, given the assumptions specified in the previous section. Nevertheless, benefits in conservation agriculture are higher in olive orchards, where the additional revenues are 270 %. Conversely, apple growers are less interested in conservation agriculture, as the additional revenues are 4 %. Wheat and cereal growers need a more sustained technology transfer and training/awareness raising, since their additional revenues from the introduction of conservation agriculture are significant (34 %). Benefits per hectare, with or without the deployment of the adaptation technology and conservation agriculture, are shown for the three types of crops in Table 2 . To take into account the sensitivity of the calculations, the cumulated NPVs for the high and low scenarios are depicted in Figs. 1 and 2 .
It is evident that conservation agriculture increases the resilience of farmers to climate extreme events, especially for rainfed crops. On lower yields, the comparative advantage of conservation agriculture is evident, as additional revenues in olive production are almost six folds (589 %) when compared to conventional production. The same trend is observed for wheat, yet on a lesser extent (132 % additional revenues under conservation agriculture). Nevertheless, irrigated apple orchards do not show significant differences, as only 15 % additional revenues from conservation agriculture are estimated (4 % in the first scenario). This implicates that additional incentives should be given to farmers to deploy this technology in fruit orchards with higher yields and secured irrigation water.
Rainwater harvesting from greenhouse tops
With climate change, water availability will be even scarcer during the dry season (which will be longer and dryer), and the demand for water storage will increase. In the recent Technology Needs Assessment for Lebanon (MoE 2012), rainwater harvesting from greenhouse roof tops was listed as a priority adaptation technology in the water sector, along with adaptation technologies such as efficient irrigation systems, early warning systems for water supply management through snow pack monitoring, and the use of treated wastewater in irrigation. In the following, an analysis of the application of rainwater harvesting from greenhouse roof tops will be presented.
Opposite to conservation agriculture, rain-water harvesting from greenhouse roof tops is very recent, being deployed spontaneously on the initiative of a single farmer. The technology is considered innovative and has the potential for further study and diffusion. This technology relies on the installation of a collection or drainage system to harvest rainwater and water storage reservoirs such as hill lakes, cement reservoirs or ready-made PVC tanks. Rainwater harvesting from greenhouse roof tops is a cost-effective technology that enables farmers to reduce their pumping from underground water, hence reduce the risk of seawater intrusion, and consequently avoid the salinity and depletion of groundwater and soil (Shaaban 2009 ). This problem is most significant in late summer and autumn, when the water table is at its lowest level. This phenomenon is expected to increase under future climate conditions. Energy saving from pumping will reduce the costs of production, especially in areas, where farmers rely on groundwater rather than surface irrigation. The use of collected water from greenhouse roof tops during that period will not only improve groundwater quality, but also enable farmers to keep producing vegetables in the autumn under expected increases in drought conditions.
Assumptions
In estimating the costs and benefits of implementing rainwater harvesting from greenhouse roof tops, the following assumptions have been made based on observations made by the pioneer farmer, who deployed the technology in two sites, on the coastal plain and at 500 m altitude.
-The annual water demand of a standard greenhouse of 400 m 2 is between 360 and 550 m 3 depending on the crop type and microclimatic conditions. -A minimal annual average rainfall of 600 mm is necessary to cover partially water demand for the crops inside a greenhouse from rainwater harvesting from greenhouse roof tops. -A storage unit can be used for irrigation before being totally filled, which supposes that such a unit could be filled twice a year. -The collected water from a standard greenhouse is 240 m 3 for an area with average precipitations of 600 mm/year, and up to 400 m 3 in areas having 1,000 mm/year of rainfall. -In Lebanon, greenhouses are found in regions where annual rainfall varies between 600 and 1,000 mm/year. Hence in an area where rainfall is 600 mm/year, the amount of harvested water is around 43 % of the water required for the irrigation of tomatoes on the coast. In areas of 1,000 mm/year of rainfall, harvested water can cover all plant needs. -The storage unit of a greenhouse should have a minimum capacity of 180 m 3 (half of the water collection capacity from a standard greenhouse) in exploitations with limited amounts of available land. .942 ). This trend was adopted to estimate future increase in oil prices for a 10 year period.
-Water price is assumed to be the same even next to sea level, where the water table is shallow, in order to value the poor quality of water (salinity), which usually negatively affects production. -Surface water annual fee in a common irrigation scheme, and with a fixed price of USD 100/year. We assume that this water is rarely available all year round for several reasons (water shortages, leakage problems, water pollution, etc.). -We assume that a greenhouse produces 4 t of vegetable crops, with revenue of USD 800/t, and thus generating USD 3,200/ha/year (only cost of irrigation is excluded).
Four different scenarios are studied: i) total dependence on pumping from the underground water; ii) total autonomy using greenhouse roof top rainwater harvesting (greenhouse roof top rainwater harvesting 100 %); iii) 43 % of water being collected from greenhouse roof top (greenhouse roof top rainwater harvesting 43 %) and complemented by underground water pumping; and iv) 43 % of the harvested water (greenhouse roof top rainwater harvesting 43 %) complemented by surface irrigation.
Results
The cost of irrigation varies according to the four scenarios. Benefits are calculated by deducting the cost of water from the income (USD 3,200/year/greenhouse). Greenhouse roof top rainwater harvesting 100 % is the most beneficial to farmers, unless the farmer has a sustainable surface water source of a standard quality all year round. Even if greenhouse roof top rainwater harvesting does not cover all the demand for water, 43 % of the water demand will keep the system cost-efficient. In the first year, crop production does not cover the cost of the deployment of the technology. However, starting in the second year, all greenhouse roof top rainwater harvesting scenarios are more cost-effective than pumping from underground water.
The figures reflected in Table 3 show that there is higher return on investments, where surface water is used to complement greenhouse roof top rainwater harvesting. Groundwater remains slightly more beneficial to farmers when compared to the third scenario, where groundwater pumping is complemented by greenhouse roof top rainwater harvesting. Nevertheless, the reliance of pumping on international fuel-oil prices does not provide a guarantee for farmers. To take into account variation in oil prices, annual variation in rainfall as well as in crop demand, Table 4 shows the results of an analysis considering these uncertainties.
The table shows that in years of drought, rainwater harvesting from greenhouse tops may ensure between 27 and 50 % of water demand of plants, depending on site location and rainfall. Consequently additional costs are required to overcome water needs during summer season (USD 110 to 432). Since surface water is expected to dry out or at least to have the least quality, it cannot be a considered a reliable option. The only source to complement water demand shall be pumping from underground water. The first results show a lowered water table (between 10 and 30 m) which will consequently imply an increase in pumping cost (USD 2 instead of 1.8). In all cases, rainwater harvesting from greenhouse tops is worth to introduce as an alternative or backup water source that would ensure certain autonomy of farmers, a better water quality, and a minimal cost when compared to pumping.
Conclusions
The main lesson which can be drawn from this paper is that there is a large potential for integrating adaptation technologies into the planning and implementation of on-going and future projects. Based on local-level data from the agricultural and water sectors in Lebanon, the paper has provided two examples of the economic feasibility of implementing selected adaptation technologies. The results show that the technologies could be deployed at low cost and with relatively little effort. The examples of rainwater harvesting from greenhouse roof tops and conservation agriculture are low-cost technologies applicable for the agricultural and water sectors, which require little or no capital input. Nevertheless, changes in management practices such as those in conservation agriculture may have a short term flip-side, if a change in technology results in, for example, lower yields in the first years. This may seem like an insurmountable barrier to the poorest households in taking up technologies that provide lower income opportunities initially, even though, in the longer term, this will prove more beneficial than non-adaptation technologies, meaning business as usual. Therefore, creating an enabling environment for the transfer diffusion of the technologies for adaptation is an immense part of the technology transfer perspective. For the technologies explored in this paper, micro-credit could be one enabling factor which would allow households to take up the technologies. To encourage households to implement technologies, more studies are needed to assess the benefits and costs at the local level, and to identify and assess enabling factors as mentioned above. There is also a need to disseminate the results and insure effective coordination and coherence of technologies transfer and diffusion efforts for adaptation to climate change as well as their integration into broader development planning and decision-making. Technical and financial support should be provided, where necessary in the technology implementation phases.
